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Micelle structureThe manner of interaction of the coat peptide of the Pf3 phage (Pf3 peptide) with lipid bilayers has been
extensively studied. Presently, we designed a derivative of the Pf3 peptide, referred to as the DDRK peptide, and
subjected it to trypsin digestion to understand its physicochemical properties. In the presence of Triton X-100
used for solubilization of the peptide, digestion of DDRKwith trypsin caused speciﬁc cleavage at the lysine (Lys)
residue in itsN-terminal regionbut not at other Lys residues or at the arginine residue.As theN-terminal region of
theDDRKpeptide is relativelyhydrophilic, but its remaining region ishydrophobic, this hydrophobic regionof the
peptide would be expected to be coated by Triton micelles. Thus, we propose that the presence of such micelles
protected against cleavage there, leading to selective cleavage by trypsin of the DDRK peptide at its hydrophilic
Lys residue in theN-terminal part of themolecule. However, such a protective effect on theDDRKpeptide against
trypsin digestion was not observed with octylglucoside. The observed results are important for better
understanding of the manner of interaction between detergents and hydrophobic peptides.rch, University of Tokushima,
88 633 9146.
p (Y. Shinohara).
ll rights reserved.© 2010 Elsevier B.V. All rights reserved.1. Introduction
Studies on the manner of protection of certain target protein(s) or
nucleic acid(s) from “attacker” molecules are often effective to
understand the structural features of the target proteins or nucleic
acids. For instance, to understand the nature of the interaction between
DNA and DNA-binding protein, the “footprinting assay” is frequently
utilized. The principle of this assay is based on the fact that a certain
region of DNA to which a DNA-binding protein is speciﬁcally bound
shows resistance against DNase, added as an “attacker,” due to
protection of the DNA from the DNase by the bound DNA-binding
protein (for a recent review, see ref. [1]). Similar strategies are also
utilized in studies on the topology of membrane proteins. As regions of
target proteins embedded in the membrane are resistant to the
externally added proteinase, but those extruded from the membrane
are easily digested, by analyzing the resulting digested peptides, the
question as to how the target protein is integrated in themembrane can
be answered. In the latter case, evaluation of the accessibility of target
protein(s) with much tiny “attacker” molecules such as chemical
modiﬁers is also applicable to discuss the “aqueous accessibility” of
certain regions of target proteins (for recent examples, see refs. [2–4]).A coat peptide of the Pf3 phage, referred to as the Pf3 peptide, is
thought to exist in thebacterialmembraneduring its infectious stage. Its
modiﬁed analogue, Pf3(3L–4N), was reported to be spontaneously
inserted inpreformed liposomes [5]. Thus, studies on this peptidewould
be expected to give a clue for understanding the physicochemical basis
of the interaction between a hydrophobic peptide and a lipid bilayer.
However, the manner of this interaction with the lipid bilayer is still
uncertain, because speciﬁc and sensitive detection of it is difﬁcult. In a
previous study, we designed derivatives of the Pf3 peptide by
conjugating “tag sequences” of T7, Myc or His at its N- or C-terminal
end to enable speciﬁc and quantitative evaluation of the Pf3 derivatives
[6]. We found that a point mutation in the peptide, not in the tag
sequence, causes remarkable changes in its reactivity with antibodies
against these tag sequences, possible due to refolding of the peptides on
the nitrocellulose or PVDF membranes. To understand further the
physicochemical properties of these peptides, in the present study we
subjected one of these peptides, referred to as DDRK [6], to trypsin
digestion.
2. Materials and methods
2.1. Materials
pColdIV and bacterial strain BL21(DE3) were obtained from
TaKaRa Bio Inc. (Ohtsu, Japan) and Novagen Inc. (Madison, MI),
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membrane (code 162-0180), and trypsin (code 1418475) were
purchased from GE Healthcare UK Ltd. (Bucks, UK), Bio-Rad
Laboratories (Hercules, CA), and Roche Diagnostics K.K. (Tokyo),
respectively.
Monoclonal antibodies used for detection of Myc- (code 2276),
and His- (code 27-4710-01) tagged peptides were obtained from Cell
Signaling Technology (Danvers, MA), and GE Healthcare UK Ltd.,
respectively. An ECL kit (code RPN2106) and anti-mouse IgG
conjugated with peroxidase (code A9044) were obtained from
Sigma (St. Louis, MO) and GE Healthcare UK Ltd., respectively.2.2. Preparation of DDRK peptide sample
cDNA encoding the DDRK peptide was prepared by using
oligonucleotides and the overlap extension PCR method, and its
expression vector was constructed with pColdIV, as described
previously [6]. Escherichia coli strain BL21(DE3) was transformed
with this prepared expression vector, and expression of the DDRK
peptidewas induced by shifting the culture temperature from 37 °C to
15 °C and by adding IPTG to a ﬁnal concentration of 0.4 mM.
After the bacterial cells had been harvested by centrifugation at
1900g for 5 min, the bacterial pellet was suspended in PN medium
(500 mM NaCl, 20 mM NaPi buffer; pH 7.4), and the cells were
disrupted by sonication. The resulting water-insoluble cell debris was
collected by centrifugation at 10,000g for 15 min, and then resus-
pended in the PN medium supplemented with 1% Triton X-100. After
centrifugation again at 10,000g for 15 min, the resulting supernatant
containing DDRK was recovered.
The DDRK peptide was puriﬁed by Ni-Sepharose column chroma-
tography. Brieﬂy, the above supernatant containing DDRK was loaded
onto a Ni-Sepharose column pre-equilibrated with PN medium. After
the column had been washed with PN medium supplemented with
0.05% Triton X-100 and 100 mM imidazole, the DDRK peptide was
eluted with PN medium supplemented with 0.05% Triton X-100 and
500 mM imidazole.2.3. Removal of detergents in peptide sample by acetone precipitation
To remove detergent from the peptide sample obtained as
described above, the peptide was precipitated with acetone. Brieﬂy,
10 volumes of cold acetone were added to the peptide sample
solution; and the resulting mixture was stood at−80 °C for 1 h. Then,
the peptide precipitate was collected by centrifugation at 5000 rpm
and 4 °C for 1 min.2.4. Solubility test for the peptide in aqueous solutions supplemented or
not with detergent
Three aqueous solutions were used to try to solubilize the peptide
sample: an aqueous solution without any detergent (100 mM Tris–Cl
buffer, pH 8.5), and the same buffer supplemented with 0.032% Triton
X-100 or 1.3% octylglucoside. The ﬁnal concentrations of Triton X-100
or octylglucoside used in these solutions were determined to be
approximately 2 times higher than their critical micelle concentra-
tions of 0.016% and 0.64%, respectively [7].
To test whether the peptide was solubilized in the indicated
solutions, we suspended the peptide obtained by acetone precipita-
tion in each of the individual solutions, and then subjected the
resulting suspension to ultracentrifugation at 50,000 rpm (105,000g)
and 4 °C, for 1 h (Beckman, Optima TL). Thereafter, the peptide
present in the supernatant and pellet was examined by SDS-PAGE and
Coomassie staining.2.5. Trypsin digestion of the peptide
The typical reactionmixture for trypsin digestion contained 2 μg of
peptide, 0.1 μg of trypsin, and 100 mM Tris–Cl buffer, pH 8.5,
containing 0.032% Triton X-100 (or 1.3% octylglucoside). This mixture
was kept at 37 °C for 2 h, and the reaction was then terminated by the
addition of phenylmethylsulfonyl ﬂuoride (PMSF) and sample buffer
for SDS-PAGE.
2.6. Western blotting
Immunodetection of the peptide (Western blotting) was per-
formed as described previously [6], using antibodies against His- or
Myc-tags. Primary antibodies bound to the peptide were detected by
using secondary antibody conjugated with horseradish peroxidase
and visualized by using an ECL kit.
2.7. Determination ofN-terminal amino acid sequence of the peptide samples
For determination of the N-terminal amino acid sequence, peptide
samples were subjected to SDS-PAGE and transferred onto a PVDF
membrane. After Coomassie staining, membrane pieces were exam-
ined with an Applied Biosystems protein sequencing system, model
Procise 494 HT (Foster City, CA).
2.8. Hydrophilicity/hydrophobicity (hydropathy) analysis of the peptide
Hydrophilicity/hydrophobicity analysis of the peptide was per-
formed by using the GENETYX program with Hopp and Woods
parameters [8] for amino acids and a value of the average span of 5.
3. Results and discussion
In our previous study, we designed derivatives of the Pf3
peptide by conjugating “tag sequences” of T7, Myc, and His at its
N- or C-terminal ends to enable speciﬁc and quantitative
evaluation of the Pf3 derivatives [6]. In the present study, we
investigated the properties of one of these designed peptides,
referred to as DDRK, the amino-acid sequence of which is shown in
Fig. 1, by subjecting it to trypsin digestion. When this peptide
sample was subjected to trypsin digestion during our preliminary
studies, we observed a slightly shortened peptide, suggesting
possible cleavage at its N-terminal Lys residue (data not shown).
However, the question as to how such characteristic cleavage of
the peptide could be caused by trypsin digestion seemed to be
difﬁcult to answer, since the prepared peptide sample contained a
certain amount of Triton X-100, and also the exact contents of the
other chemicals in the peptide sample were also uncertain. Thus,
we ﬁrst eliminated the detergent in the peptide sample and then
examined the effects of Triton X-100 on the solubility of the
peptide. For this, an aliquot of peptide sample prepared as
described in Materials and methods was subjected to acetone
precipitation. By this treatment, almost all of the Triton X-100 was
eliminated from the peptide sample, as judged from the absor-
bance at 270–280 nm of the solution prepared by dissolving the
precipitate in 0.1% SDS (data not shown). When the precipitated
peptide was suspended in an aqueous solution without detergent
(100 mM Tris–Cl buffer, pH 8.5), the resulting solution showed a
slight turbidity; and all of the peptide was recovered as a pellet
after ultracentrifugation, indicating that the peptide itself was not
soluble in an aqueous solution (data not shown). On the contrary,
when the precipitated peptide was suspended in an aqueous
solution containing 0.032% Triton X-100 and 100 mM Tris–Cl
buffer (pH 8.5), it showed no turbidity, and all of the peptide
was observed in the supernatant after ultracentrifugation (Fig. 2A,
centrifuge). Thus, the addition of a certain amount of detergent
Fig. 1. Amino-acid sequence of the peptide used in this study (A) and properties of peptides detected in the trypsin-digested peptide sample (B). (A) The letters on the ﬁrst line
indicate the amino acid sequence of the parental peptide, Pf3(3L–4N) [5]. Its putative membrane-spanning region is shown by the box. The letters on the second line indicate the
amino-acid sequence of the peptide, DDRK, used in this study. The latter was designed by incorporation of the tag sequence of Myc (MEQKLISEE), T7 (MASMTGGQQMG) and His
(HHHHHH) into the parental Pf3(3L–4N) peptide. The amino-acid sequences corresponding to the Myc and T7 tags are underlined. (B) Three species of peptides detected by Edman
degradation analysis of the trypsin-digested peptide, and their amount (%) relative to that of the total peptide, are shown under the N-terminal amino-acid sequence of the DDRK
peptide.
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peptide in an aqueous solution. Furthermore, when the peptide
suspended in an aqueous solution (100 mM Tris–Cl buffer, pH 8.5)
without detergent was subjected to trypsin digestion, the above-
mentioned characteristic cleavage of the peptide was not observed
(data not shown). Thus, the characteristic cleavage of the peptide
observed in our preliminary experiments was concluded to be
observable only in the presence of the detergent.
When the peptide solubilized in an aqueous solution containing
0.032% Triton X-100 and 100 mM Tris–Cl buffer (pH 8.5) was
subjected to trypsin digestion and subsequent SDS-PAGE, a slightly
shortened peptide compared with the peptide from the non-
treated parental sample (Fig. 2A, + trypsin) was seen, as observed
in our preliminary studies. From the degree of migration of the
slightly shortened peptide and the distribution of lysine and
arginine residues in the peptides (see amino-acid sequence shownFig. 2. Distinct patterns of trypsin-digested DDRK peptide observed in the presence of
Triton X-100 (A) or octylglucoside (B). (A) Upper photograph represents the results of
SDS-PAGE and Coomassie staining of the peptide. The peptide precipitated by acetone
was ﬁrst dissolved in 0.032% Triton X-100. The resulting peptide solution was subjected
to ultracentrifugation, and the supernatant (S) and pellet (P) were collected and
subjected to SDS-PAGE. Then, an aliquot of the peptide solubilized by Triton X-100 was
subjected to trypsin digestion. This digestion mixture (Trypsin +) and peptide solution
treated in the same manner of trypsin digestion in the absence of trypsin (Trypsin −)
were also collected, and these 4 peptide samples were subjected to SDS-PAGE (16.5%T)
and visualized by CBB staining. Middle and bottom photographs shown as His and Myc,
respectively, represent the results of Western analysis of the peptide treated with
(Trypsin +) or not (Trypsin−), obtained with primary antibodies against His and Myc
tags, respectively. (B) SDS-PAGE and Western analysis of the DDRK peptide treated as
shown in “A” except for use of 1.3% octylglucoside instead of 0.032% Triton X-100.in Fig. 1A), we strongly suspected this shortened peptide to be the
result of speciﬁc digestion at its N-terminal Lys residue. To
ascertain whether this interpretation was correct, we looked for
the presence of the C-terminal His-tag sequence and absence of the
N-terminal Myc-tag sequence in the trypsin-digested peptide by
measuring the reactivities of the resulting peptides with antibodies
against His- and Myc-tag. As shown in Fig. 2A, both parental and
shortened peptides reacted with the anti His-tag antibody.
However, only the parental peptide, not the shortened peptide,
reacted with the anti Myc-tag antibody. These results supported
our above-mentioned interpretation that cleavage of the peptide
by trypsin occurred at its N-terminal region. It should be noted that
the signal intensity of the peptide shortened by trypsin observed
with the antibody against His-tag was much stronger than that of
the non-digested peptide, although the staining intensity of the
shortened peptide with Coomassie was much weaker than that of
the non-digested peptide. Possibly, this was due to alteration of the
reactivity of the peptide with antibody against His-tag caused by
digestion with trypsin.
To determine the exact site of proteolytic cleavage in the peptide,
we examined the N-terminal amino-acid sequence of the slightly
shortened peptide by use of a protein sequenator. When the non-
treated peptide was partially sequenced, we observed the expected
PTH-amino acids in individual cycles of Edman degradation, starting
with the translation-initiating methionine (Table 1, non-treated
peptide). On the contrary, when the slightly shortened peptide was
examined with the sequenator, we observed 3 amino-acid sequences,
starting with the 5th amino acid, Leu; the 11th, Gln or the 1st, Met
(“Trypsin-digested peptide” in Table 1. See also amino-acid sequence
in Fig. 1). From the amounts of PTH-amino acid residues in the ﬁrst
Edman degradation (199, 19, and 5 pmol), the contents of these 3
peptide species were roughly determined to be 89, 9, and 2%,
respectively.Table 1
Edman degradation analysis of the N-terminal amino-acid sequences of the untreated
peptide and trypsin-digested peptides.
Cycles PTH amino acids observed with1)
Non-treated peptide Trypsin-digested peptide
1 M (226) L (199), Q (19), M (5)
2 E (153), I (4), A (2) I (156), S (12), E (4)
3 Q (135) S (84), V (17), Q (5)
4 K (145) E (92), I (17), K (4)
5 L (165) E (99), T (14), L (5)
(1) PTH amino acids observed at individual cycles of Edman degradation are shown.
Values in parentheses represent the amount of PTH amino acids detected in pmol.
Fig. 3. Hydrophilicity/hydrophobicity (hydropathy) proﬁles of the DDRK peptide
Hydrophilicity/hydrophobicity analysis of the peptide was performed by using the
GENETYX program with Hopp and Woods parameters for amino acids and a value of 5
for the average span.
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trypsin during our preliminary studies,wepostulated that itwouldhave
resulted from steric hindrance caused by the formation of a certain
structure of the peptide. However, as described above, the addition of
detergent was essential not only for solubilization of the peptide in an
aqueous solution but also for selective cleavage of the peptide by
trypsin. Thus, we concluded that selective cleavage of the peptide by
trypsin should be attributable to the effects of the detergent rather than
to formation of a certain structure of the peptide. The manner of
interaction between peptides and detergents has been intensively
studied, but the details are still uncertain. However, possible formation
of a micelle structure of detergent molecules at hydrophobic region(s)
in the peptide is often proposed [7,9]. According to this hypothesis,
selective cleavage of the peptide by trypsin would be attributable to the
protective effects of Triton micelles against trypsin digestion. This
interpretation seems reasonable, because the entire region except for
the N-terminal region of the DDRK peptide is relatively hydrophobic, as
was visualized by hydropathy analysis (Fig. 3). The hydrophobic region
of this peptide would be expected to be coated by Triton micelles, and
this protectionwould result in selective cleavage of theDDRK peptide at
its Lys residue in the hydrophilic N-terminal region.
We next tested whether such protective effects could be observed
with some detergent other than Triton X-100. As Triton X-100 has a
relatively large molecular size (Mr=625) and a relatively low cmc
value (2.5×10−4 M), we selected octylglucoside, having a relatively
small molecular size (Mr=292) and a relatively high cmc value
(2.2×10−2 M) as a counterpart detergent. When the peptide
precipitate obtained by acetone precipitation was suspended with a
medium supplemented with 1.3% octylglucoside, almost all of the
peptide was recovered in the supernatant after ultracentrifugation
(Fig. 2B, centrifuge). When this peptide solution was subjected to
trypsin digestion, interestingly, a protein band showing much faster
migration than that observed in the trypsin digestion in the Triton-
containing solution was observed (Fig. 2B, trypsin). From the
migration of the observed peptide, we consider this peptide to have
been the result of cleavage at all Lys or Arg residues in the peptide.
This interpretation was further validated by the Western analysis of
the peptide by using the antibodies against His- and Myc-tags; the
peptide shortened by trypsin was not detected with antibodies
against His- andMyc-tags. The observed differences in the reactivities
of Lys or Arg residues in the peptide with trypsin between solutions
containing Triton X-100 or octylglucoside were highly reproducible.
In the present study, a Pf3 derivative peptide, the DDRK peptide,
was subjected to trypsin digestion in the presence of certain amount
of detergent. Triton X-100 used for solubilization of the peptide
prevented digestion of the peptide at all Lys or Arg residues (except
Lys at position 5) by trypsin, possibly due to the formation of micelle
structures on the peptide. If this interpretation is correct, digestion of
the peptide by a proteinase such as trypsin in the presence of Triton
X-100 could be a useful technique to identify the hydrophobic region
in certain peptides, like the technique of the “footprinting assay”
used for the identiﬁcation of the region of DNA interacting with a
DNA-binding protein. Interestingly, however, such a protective effect
was not observed with octylglucoside, which, although effective for
solubilization of the peptide in an aqueous solution, did not prevent
cleavage of the peptide at Lys or Arg by trypsin.Wemay attribute this
observed difference in the protective effect of the peptide against
trypsin digestion between Triton X-100 and octylglucoside to the
distinct properties of the micelles formed by these detergents. Toexamine whether this interpretation is correct, we further tried
trypsin digestion of the DDRK peptide solubilized by isopropanol in
the absence of detergent. However, these trials were not successful,
since DDRK was not soluble even in an aqueous solution containing
30% isopropanol (data not shown). We are now conducting further
studies for a better understanding of the interaction between
hydrophobic peptides and detergents.
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